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Systematic ^^As NMR study of the dependence of low-lying excitations on F-doping 

in the iron oxypnictide LaFeAs(Oi_aF2^^) 

Yusuke Nakai,^'^'EI Shunsaku Kitagawa,^'^ Kenji Ishida,^'^ 
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We report systematic '^'^As NMR studies on LaFeAs(Oi_iFj:) (0 < x < 0.14). At a; = 0.04 
near the piiase boundary, from resistivity, spin-lattice relaxation rate 1/Ti, and NMR spectrum 
measurements, we found weak magnetic order at Tjv — 30 K. Antiferromagnetic (AFM) fluctuations 
proved through 1/Ti are suppressed significantly with F-doping, and pseudogap behavior without 
pronounced AFM fluctuations is observed at x — 0.11 where Tc is maximum. This significant 
suppression of 1/TiT upon F-doping while Tc remains nearly unchanged suggests that low-energy 
AFM fluctuations probed with ^^As NMR do not play a crucial role in the superconductivity. 

PACS numbers: 76.60.-k, 74.25. Ha, 74.70.Dd 



The recent discovery of the iron oxypnictide supercon- 
ductor LaFeAs(0i_a;F2;) with Tc = 26 Ki has stimulated 
intense research on the origin of its high Tc- Supercon- 
ductivity in the iron oxypnictides appears upon F-doping 
in close proximity to parent phases which exhibit stripe 
antiferromagnetic (AFM) order, along with structural 
transition from tetragonal to orthorhombic phasesi^i^ 
Thus, it is natural to investigate an interplay between 
superconductivity and spin fluctuations associated with 
the magnetic ordering. In addition, because electron- 
phonon coupling is too weak to account for the high Tcr- 
spin fluctuations due to nesting between the disconnected 
Fermi surfaces have been suggested to be the source of the 
pairing interaction.— iii^ F-doping, corresponding to elec- 
tron doping, suppresses the nesting and thus low-lying 
excitations originating from the nesting-related magnetic 
fluctuations, however Tc is relatively insensitive to F- 
dopingji Hence, investigations on the F-doping depen- 
dence of spin dynamics in the normal and superconduct- 
ing (SC) states in LaFeAs(0i_:i-F2;) will provide crucial 
information concerning the relationship between super- 
conductivity and spin fluctuations. In our previous pa- 
per, we reported NMR studies on LaFeAs(0i_:EF2;) for 
X = 0, 0.04 and 0.11, but it remained insufficient for re- 
vealing systematic variation in spin dynamics.'* Here, we 
report systematic studies on LaFeAs(Oi_i:Fa;) through 
^^As NMR in order to fully elucidate the nature of spin 
dynamics in a wider F-doping range. 

Polycrystalline samples of LaFeAs(Oi_a:Fa;) {x = 0, 
0.04, 0.07, 0.11, 0.14) synthesized through solid-state re- 
actioni were ground into powder for NMR measurements; 
powder X-ray diffraction measurements indicate that the 
samples are mostly single-phase The value of x was esti- 
mated from the lattice constants using the Vegard's vol- 
ume rule.-i'SJii, Electrical resistivity measurements were 
performed with a four-probe technique. From the zero- 
resistivity temperature in = (see Fig. 1 (a)), the 
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FIG. 1; (a)r-dependence of resistivity in LaFeAs(Oi-a:Fi). 
(b)The center peak of ^^As NMR spectrum at x = 0.07. The 
arrow denotes the peak corresponding to // || ab. 

Tc's were determined to be 16.3 K, 22.5 K, 22.5 K, and 
12.5 K for a; = 0.04, 0.07, 0.11, and 0.14, respectively. 
A standard spin-echo technique was used for obtaining 
NMR spectra. The ^^As nuclear spin-lattice relaxation 
rate 1/Ti was obtained by fitting the time dependence 
of the nuclear magnetization recovery after a saturation 
pulse. 1/Ti was measured at the lower peak [correspond- 
ing to H II ab denoted by the arrow in Fig. 1(b)] of 
the central transition in H ~ 9.89 T at 72.1 MHz for 
0.04 < a; < 0.14, and, for x = 0, in H ~ 5.49 T at 40.5 
MHz. 

The X ~ 0.04 sample (LaFeAs(Oo.96Fo.o4)) is located 
near the boundary between the AFM and SC phases. 
Figure 2 displays the T-dependence of the resistivity 
p, 1/Ti of '^^As, and the full width at half maximum 
(FWHM) of the '^^As NMR spectra at x = 0.04. Al- 
though Fig. 1(a) indicates that the resistivity of the x > 
0.07 samples exhibits metallic behavior (p oc below 
150 K), the resistivity at a; = 0.04 starts to increase be- 
low 70 K, and drops below 30 K (Fig. 2(a)). Ti exhibits 
a single component above 30 K, and the T-dependence 
of (TiT)-i follows the Curie- Weiss law (TiT)-'^ oc 
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with e = 10.3 ± 2 K between 30 K and 200 which is 
characteristic of the development of AFM fluctuations. 
A short Ti component appears below 30 K, and the 
longer Ti component, which exhibits a superconducting 
anomaly at Tc, is plotted in Fig. 2(b). 1/Ti decreases 
abruptly below 30 K and then superconductivity occurs 
below Tc — 16 K. The anomaly at 30 K cannot be as- 
cribed to the occurrence of superconductivity because ac 
susceptibility docs not exhibit any anomaly near 30 K 
(not shown). Because the line width increases gradu- 
ally below Tn '^iG K (Fig. 2(c,d)), this is attributed 
to weak static magnetic ordering. Much smaller broad- 
ening of the ""^As NMR spectra than that of undoped 
LaFeAsO^^ indicates a very small ordered moment for 
X = 0.04. In LaFeAsO, we found a divergence of 1/Ti 
at T/v — 142 K due to the occurrence of stripe AFM 
ordering. In contrast, at a; = 0.04, we did not flnd a 
peak of 1/Ti but just a decrease of 1/Ti, indicating that 
the magnetic anomaly weakens upon F-doping. As noted 
above, there emerges a short component of 1/Ti below 
30 K whose fraction increases gradually with decreasing 
temperature up to ~65 % at 3 K. Since it is difficult to 
attribute such a large contribution to inhomogencous F 
concentration, this distribution of Ti implies phase sep- 
aration into the magnetically ordered and SC phases.— 
Indeed, recent yuSR measurements suggest the presence 
of phase separation into SC and spin-glass like phases 
in LaFeAs(Oo.94Fo.o6) near the phase boundaryiH Our 
result is consistent with this /iSR experiment; however, 
a definitive conclusion regarding microscopic coexistence 
and magnetic structure cannot be drawn due to the use 
of a polycrystalline sample. 

The F-doping evolution of the SC features in 
LaFeAs(Oi_a;Fa;) is shown in Fig. 3, where we present the 
T-dcpendence of ^^As 1/Ti for x = 0.04, 0.07, and 0.11, 
measured in 77 ~ 9.89 T in the a6-plane (the x = 0.14 
sample does not exhibit superconductivity in H ~ 9.89 
T as was expected from a broad SC transition observed 
through specific-heat measurements on a sample from the 
same batchJ^). We found that 1/Ti for x = 0.04, 0.07, 
0.11 decreases just below Tc without showing a Hebel- 
Slichter coherence peak and follows a dependence in 
the SC state. This dependence is observed even in 
X = 0.04, in which superconductivity sets in at Tc c± 16 
K below T/v ~ 30 K. The robust dependence of 1/Ti 
at a; = 0.04 provides further evidence of phase separa- 
tion into the magnetically ordered and superconducting 
phases, since magnetic fluctuations associated with the 
magnetic ordering would change the T^ behavior if the 
magnetic order and superconductivity coexist microscop- 
ically. Although recent ARPESi^ and penetration depth 
measurements^ indicate nodeless SC-gap(s), the node- 
less gap state is incompatible with the l/Ti cx T^ be- 
havior and the lack of a Hebel-Slichter coherence peak. 
Alternatively, recent theoretical studies indicate that the 
lack of a coherence peak and the T^ dependence of 1 /Ti 
can be understood in terms of a fully gapped s± state 
with impurity effectS] ^^'^^i^°'^^i^^ We note that, however. 
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FIG. 2: (Color online) T-dependence of (a) resistivity, (b) 
^^As l/Ti, (c) the FWHM of the '^^As NMR spectra and (d) 
■^^As NMR spectrum for H \\ ah in LaFeAs(Oo.96Fo.o4). The 
spectrum at 20 K is shifted to overlap the spectral peak at 
150 K. 
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FIG. 3: (Color online) T-dependence of l/Ti measured at the 
peak corresponding to || ah. 

further measurements on high-quality samples will be 
crucial to verify these scenarios, since 1/Ti should de- 
crease exponentially well below Tc in the clean limit. 

In the s±-wave picture, nesting-related magnetic fluc- 
tuations with the wave vector qstripo =(7r, 0), (0, tt) 
originating from the disconnected Fermi surfaces are 
important for superconductivity in LaFeAs(0i_2:Fi:). 
When investigating q-dependent spin dynamics using 
^^As NMR, one must be cautious of geometrical can- 
cellation of magnetic fluctuations at the As site, because 
the As (also La) sites are located above and below the 
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center of the Fe square lattice. Kitagawa et al. reported 
a model for the hyperfine field at the As site in terms of 
anisotropic hyperfine couplings between the local Fe mo- 
ments and the As nucleus, and showed that ^^As NMR 
can detect the stripe AFM orderi^ This result is con- 
sistent with the observation via ^^As and ^'^^La NMR 
in LaFeAsO^ii^ and BaFe2As2^i2ii2^ of a divergence in 
1/Ti originating from the stripe AFM order. 

A systematic doping evolution of spin dynamics in the 
normal state is observed in the T-dependence of ^^As 
(TiT)"^ in LaFeAs(0i_2;F^) as shown in Fig. 4. In un- 
doped LaFeAsO, a clear critical slowing down due to 
the AFM ordering with qstiipc is observed at 142 K. 
For X = 0.04, {TiT)~-^, which is the sum of low-lying 
dynamical susceptibility over the Brillouin zone, 

follows a Curie- Weiss temperature dependence down to 
30 K. In contrast, the magnetic susceptibility x(q = 0) 
of LaFeAs(0i_2:Fa;) decreases with decreasing tempera- 
ture.— Their contrasting behavior is a clear indication of 
the development of AFM fluctuations away from q = 
at a; = 0.04. At a; = 0.07, {TiT)~^ remains nearly con- 
stant down to T* ~ 40 K, then decreases rapidly. T* 
can be ascribed neither to a magnetic anomaly nor to 
a SC transition; invariant ^^As NMR spectra rules out 
the former, and the absence of Meissner signal excludes 
the latter (not shown). The reduction of (TiT)"^ below 
T*, approximately 20 K higher than T^, is reminiscent of 
the pseudogap behavior observed in the cupratcsi^ The 
pscudogap-like behavior is more pronounced for x = 0.11 
and 0.14, where {TiT)~^ decreases on cooling, approach- 
ing a nearly constant value. By fitting the data to 
(TiT)^i = a + 6exp(-ApG/r), we obtained a = 0.04 
(s-iR-i), b = 0.19 (s-^K-i) and Apq = 172 ± 12 K for 
X = 0.11, and a = 0.012 (s-^K-i), b = 0.18 (s-^K-i) 
and ApG ~ 165 ± 15 K for a; = 0.14, yielding almost 
the same pseudogap energies Apc for a; = 0.11 and 0.14 
within experimental uncertainty. On the basis of our 
present results along with those reported previously, we 
generate the phase diagram for LaFeAs(Oi_a;Fa;) shown 
in Fig. 5. 

The doping dependence of (TiT)~^ indicates that 
the nature of the pseudogap in LaFeAs(Oi_a;Fa;) and 
the cuprates differs significantly: (1) In the cuprates, 
(TiT)~^ decreases from temperatures well above Tc and 
no clear anomaly is observed at Tc- In contrast, a clear 
anomaly in {TiT)~^ is found at Tc for x = 0.11, and Ko- 
rringa behavior (TiT = const.), suggestive of a Fermi liq- 
uid state, is observed at low temperatures, which may be 
related to the behavior of the resistivity. Considering 
the multi-band nature of LaFeAs(0i_^F2;), these results 
suggest that some Fermi surface sheets exhibit pseudo- 
gap behavior while others contribute to the Fermi liquid 
state. (2) The pseudogap behavior in LaFeAs(0i_:i-F2;) 
becomes more pronounced with F-doping, opposite to 
the behavior observed in the cuprates. There, the 
pseudogap behavior is most pronounced near the AFM 
phase boundary, and it is possible that AFM correla- 
tions may be responsible for the pseudogap behavior. In 
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FIG. 4: (Color online) Doping dependence of '^'^As {TiT)~^ . 
The black (green) arrows denote Tc (T*) (see text). The 
broken (dotted) line is a fitting to the data for x — 0.11 
(0.14). The red arrows indicate Tat. 

LaFeAs(0i_a;F2:), however, low-energy AFM correlations 
are unlikely to yield the pseudogap behavior since no ap- 
parent AFM fluctuations are observed via ''^As NMR for 
X = 0.11 and 0.14. Furthermore, almost the same ApQ 
is observed through '"'^Fc NMR measurements, suggesting 
that the pseudogap docs not have q-dcpendcncCfS^ Quite 
recently, Ikcda suggested that the pseudogap behavior in 
(TiT)~^ may originate from band structure effects near 
Fermi energyi^ The existence of a high density of states 
(DOS) just below the Fermi level, which is assigned to a 
hole Fermi surface around F' consisting of d^2_y2 orbitals 
in the unfolded Brillouin zone, gives rise to a T-depcndcnt 
DOS, and the calculated T-dependence of (TiT)~^ is con- 
sistent with our results. Thus, the pseudogap behavior 
likely originates from its characteristic band structure in 
LaFeAs(Oi_,F,). 

Finally, we discuss the relationship between super- 
conductivity and spin fluctuations in LaFeAs(0i_2,Fj,). 
As shown in Fig. 4, the significant AFM fluctuations 
observed through ^^As NMR arc suppressed systemat- 
ically with F-doping, and pseudogap behavior without 
pronounced AFM fluctuations is observed for x — 0.11 
where Tc is maximum. We speculate that these results 
are attributable to the disconnected Fermi surfaces in 
LaFeAs(Oi_a;Fa;); the stripe-like AFM fluctuations orig- 
inate from nesting between the hole Fermi surfaces at F 
and electron Fermi surfaces at M, and the hole (elec- 
tron) Fermi surfaces become smaller (larger) upon F- 
doping, resulting in the suppression of nesting with the 
wave vector qstripc- Moreover, the pseudogap behav- 
ior appears naturally in the heavily F-doped region be- 
cause the hole Fermi surface around F' sinks below Ep 
upon electron doping, producing a T-dependent DOS. 
Together with the recent ^^Fe NMR measurements on 
LaFcAsOo.7r^ these results suggest that low-energy mag- 
netic fluctuations are suppressed throughout q space near 
optimal doping. This is in contrast to the cupratc su- 
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FIG. 5: (Color online) Phase diagram of LaFeAs(Oi-a;Fa;). 
The closed (open) triangle designates the pseudogap energy 
determined from l/Ti of ^^As (Knight shift of ^^F cited from 
Ref. 31). The blue triangle indicates T* below which the pseu- 
dogap behavior was observed. The closed square indicates 
the magnetic ordering temperature Tjv determined from ^^^La 
and ■'^As NMR. The open square indicates the onset temper- 
ature of spin-glass like magnetism determined from /xSR.— 
Tc (closed circle) is determined from the temperature where 
p becomes half as that at the onset temperature.— 

perconductors, whose maximum Tc occurs where the in- 
tense AFM fluctuations with Q =(7r, tt) are observed in 
La2-a;Sr3;Cu04f2£ their AFM fluctuations are well corre- 
lated with Tc and thus may be connected with the super- 
conductivity. Although many theories which suggest s±- 
wave superconductivity show the importance of nesting- 
related magnetic fluctuations for the SC pairing interac- 
tion in LaFeAs(0i_a;F2;), the reduction of (TiT)"^ by 
almost two orders of magnitude with F-doping while Tc 
is largely unchanged suggests that the low-energy AFM 
fluctuations with Qstripe observed through ''^As NMR 
are uncorrelated with the superconductivity. However, 
it should be noted that 1/Ti measurements only detect 



low-energy magnetic fluctuations (typically ^ mK order) , 
thus we cannot exclude the possibility that magnetic fluc- 
tuations with Qstripo persist to higher doping levels (e.g. 
X = 0.11) if their characteristic energy exceeds the NMR 
energy window. Inelastic neutron experiments over a 
wide energy range would be required to fully establish 
the relationship between superconductivity and magnetic 
fluctuations. We also note that it is important to investi- 
gate the F-doping dependence of DOS for clarifying the 
paring interaction for superconductivity in iron pnictides, 
and is now in progress. 

In summary, we report systematic ^^As NMR studies 
on LaFeAs(0i_a;F2:). At x = 0.04 near the phase bound- 
ary, a weak magnetic anomaly occurs at Tjv ~ 30 K and 
superconductivity sets in at Tc ~ 16 K. Upon F-doping, 
significant AFM fluctuations observed for a; = and 0.04 
are suppressed systematically, and pseudogap behavior 
appears for x = 0.11 and 0.14 without pronounced AFM 
fluctuations. The doping dependence of (TiT)^^ suggests 
that the nature of pseudogap in LaFeAs(0i_2;Fx) and the 
cuprates is different. Because (TiT)~^ varies drastically 
whereas Tc is rather insensitive to F-doping, the low- 
energy AFM fluctuations observed through ^^As NMR 
may be irrelevant to superconductivity. Understanding 
the drastic suppression of (TiT)~^ upon F-doping will be 
key to clarifying the source of the pairing interaction. 
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